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Abstract 

We propose a model of metastable dynamical supersymmetry breaking in which all scales 
are generated dynamically. Our construction is a simple variant of the Intriligator- 
Seiberg-Shih model, with quark masses induced by renormalizable couplings to an auxil- 
iary supersymmetric QCD sector. Since all scales arise from dimensional transmutation, 
the model has no fundamental dimensionful parameters. It also does not rely on higher- 
dimensional operators. 



1 Introduction 



Recently the idea of metastable dynamical supersymmetry breaking has been revived, 
starting with the work of Intriligator, Seiberg and Shih (ISS) [1]. ISS showed that fairly 
simple theories can have metastable vacua with dynamically broken SUSY. Their proto- 
type example is SU (iVc) SQCD with Nf massive quark flavours, where 3Nc/2 > Nf > Nc 
and the quark masses are much smaller than the strong-coupling scale A of the gauge 
theory. As already mentioned in [1] and proposed in a broader context in [2], such 
a small mass parameter in a model of metastable SUSY breaking can be dynamically 
generated by coupling the theory to an additional gauge sector via higher-dimensional 
operators. For the ISS model (or rather a modified version [3] including also gauge- 
mediation messenger fields) this mechanism was worked out in [4]: Denoting the field 
strength superfield of the auxiliary sector by W^, a coupling of the quarks and antiquarks 
q,q oi the form 

CD jdFe'^t.w'^w'-^h.c. (1) 

leads to quark masses m ~ A'7M2 after gaugino condensation. Here A' is the strong- 
coupling scale of the auxiliary gauge theory, and M is a high scale at which the theory 
must be UV-completed, e.g. the Planck scale if one imagines the model to be embedded in 
a theory of quantum gravity. In this model, m -C A can be easily accomplished, and thus 
the ISS analysis applies. Several particle physics models with metastable SUSY breaking 
(see, for instance, [5]) use similar mechanisms for generating small scales dynamically 
from higher-dimensional operators. 

In this paper we propose to go one step further, by constructing a model which does 
not rely on unknown physics at some UV completion scale. We generate a small ISS 
quark mass scale dynamically from the coupling to an auxiliary sector, but using only 
renormalizable operators. Our model does not have any dimensionful parameters — all 
scales are generated by dimensional transmutation. It consists of two SQCD sectors, 
the ISS sector and the auxiliary sector, with their matter fields coupled to an additional 
singlet S. S obtains a vacuum expectation value from strong gauge dynamics in the 
auxiliary sector, which generates an effective mass term for the ISS sector quarks from 
a superpotential term 

WDXStYqq. (2) 

To obtain sufficiently small quark masses m <^ A, the dimensionless coupling A must be 
taken to be moderately small (for the metastable vacuum to survive much longer than 
the age of the universe, A ~ 10~^ is sufficient in a realistic setup). However, we stress 
that this tuning is rather mild and concerns a dimensionless coupling only. The hierarchy 
between the fundamental scale and the SUSY breaking scale is still mainly generated by 
nonpcrturbative gauge dynamics, which after all is the central idea behind dynamical 
SUSY breaking. 

This paper is organized as follows: In Section 2, we give a brief review of metastable 
SUSY breaking within the ISS model. In Section 3, we show how small quark masses can 
be generated by coupling the ISS model to an auxiliary sector. We also give an explicit 
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example to show how this scenario can be reahzed with plausible choices of parameters. 
We conclude in Section 4. In the appendix we show that the superpotential of our 
auxiliary sector is constrained by the symmetries and holomorphy to take the form we 
have assumed. 



2 The ISS model 

We will now briefly review the analysis of ISS [1]. Consider = 1 rigidly supersymmetric 
QCD with Nc colours and Nf flavours of massive quarks and antiquarks g*, qi {i = 
l...Nf), where 3Nc/2 > Nf > Nc. Let us take the quark masses to be equal for 
simplicity and denote them by m. Assume also that m -C A, where A is the strong- 
coupling scale of the gauge theory. The theory is asymptotically free. It has a dual 
description [6] on scales much lower than A in terms of an IR free SU{Nf — N^) gauge 
theory with Nf dual quarks and antiquarks ip^, (fi and Nj uncharged mesons . In the 
dual theory, near the origin of field space the Kahler potential is smooth and hence can 
be taken to be canonical to leading order (up to normalization factors of order one, which 
we drop). The infrared superpotential is, up to 0{1) coefficients. 



det $ 

W = ^^,<l>Wi-mA<!>l+{ ^3^^_^^^ ) ^ {c=l...Nf-Nc, t,j = l...Nf). (3) 



At small field values, we can neglect the last term in W because of the A-suppression; 
then the F-terms of $ ar^ 

F^.=ipt^i-mA5i. (4) 

They cannot all vanish because (pi^pi has rank Nf — Nc, whereas Sj has rank Nf. It turns 
out that there is a SUSY breaking local minimum, the ISS vacuum, at 

$ = 0, m = {^if = ( ) . (5) 

Here Iat^-at^ denotes the {Nf — Nc) x (A'^^ — Nc) unit matrix. At tree-level, the potential 
still has several fiat directions. Those that correspond to Goldstone directions from 
spontaneously broken global symmetries are unaffected by quantum corrections. The 
others are lifted by the one-loop Coleman- Weinberg potential, such that the ISS vacuum 
is indeed locally stable. In addition to the ISS vacuum there are supersymmetric vacua, 
which are found by taking into account also the determinant term in ([3]). However, they 
are well separated in field space from the ISS vacuum if m/A is sufficiently small, hence 
the ISS vacuum can be very long-lived. More precisely, in [1] the bounce action for 
overcoming the tunneling barrier and decaying into the proper vacuum was estimated to 
be 

6JVc-4JV^ 

/A\ 

'S'bounce ~ ( ; (6) 

\m J 

which shows that for m ^ A the lifetime of the ISS vacuum is parametrically large. 



^By a common abuse of notation, we use the same symbols for the lowest components of chiral 
superfields as for the respective superfields themselves. 
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3 Generating small quark masses 



Let us first describe what will eventually become the auxiliary sector of our model. Take 
SU(A^"^') SQCD with N'j flavours of masslcss quarks and antiquarks Q, Q, where N'^ > N'^. 
Couple this theory to an additional singlet S with tree-level superpotential 



tree 



X'StrQQ-KS\ 



(7) 



In the quantum theory, an additional contribution to the superpotential is generated 
nonperturbatively [7] , which becomes relevant in the infrared: 



np 



det QQ 



(8) 



Here A' is the strong-coupling scale of the gauge theory, and a is a renormalization- 
scheme dependent number of order one. In [8] it was shown that by holomorphy and 
symmetry the exact low-energy effective superpotential is Vl^ = W^tree + W^np, in a range 
of parameters where S is the only light degree of freedom and the quarks are integrated 
out. In the appendix, we show that W — Wtree + W'np is indeed exact even in the general 
case. 



To analyze the IR behaviour of the theory, we introduce the meson fields 



1 



(9) 



(with a trace over colour indices implied), normalized by the 1/A' factor to have canon- 
ical dimension. In terms of the mesons and the singlet, the exact low-energy effective 
superpotential is then 



The equations for supersymmetric vacua, 

A' A' tr M - ZkS'^ = 0, A'A'-S 51 
are solved by 



A 



,?,N',-2N'j \ IvPlv^ 



detM 



(10) 



A 



detM 



(M-^); = 0, (11) 



,5 = 6A'e'^^-^/, 



M = cA' e 



f 1 



{0<n<3N'^-N'f), 



(12) 



Nf, 



where b and c are numerical constants given by 




N'-N', 




(13) 
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For simplicity, in the following we choose the couplings A' and n such that 6 = c = 1. 

We now couple this model to an ISS sector, with the ISS quark mass coming from 
the expectation value of S. The combined superpotential in the UV is 

W = -\Stiqq + >: StiQQ - kS^. (14) 

We have deliberately omitted all possible operators with dimensionful couplings here: 
No scales are introduced by hand. The absence of linear and quadratic terms in W can 
be further justified by imposing an obvious discrete Z3 symmetry acting on the chiral 
superfields, which will be spontaneously broken by nonperturbative effects. 

Let us assume that A -C 1, such that also A A <^ A' and A A' <^ A (this can of course 
be achieved by, for instance, choosing the numbers of colours and flavours and the gauge 
couplings at the renormalization scale such that A A', and then setting A ^ 1). 

The resulting model has various effective descriptions at different energy scales. In 
the far UV the appropriate superpotential is (IT^ . The ISS and auxiliary sector then 
have effective descriptions at scales below their respective strong coupling scales A and 
A' (either of which can be the higher one): At scales around A we should pass to the 
Seiberg dual of the q sector, replacing 

det $ \ ^^^7^ 



-XSiiqq ^ -AA5tr<l' + tr(^$y)+ (^ ^3^^_^^J . (15) 

Here we anticipate that S, which is a dynamical field up to now, will eventually acquire an 
expectation value, such that the XStrqq term will become an ISS quark mass term. At 
scales below A' the Q sector together with S can be described by the exact superpotential 
(fTOll . with the coupling to the q sector viewed as a small perturbation. We should 
therefore replace 

X' StiQQ - kS^ ^ X'A'StiM - kS^ + a\ — . (16) 

\ det M I 

At scales much below A', M and 5* are massive and should be integrated out. Taking 
for definiteness the phases in (1121) to vanish, we obtain 



{S) = A' 



1 + 



X^A^ 



.(Ao^ 

The correction terms of higher order in AA/A' are small by assumption. 



;i7) 



In the IR, the only light degrees of freedom remaining are now the ISS mesons 
and dual quarks, whose interactions at low energies are governed by the superpotential 
(dropping again, as in Section 2, the irrelevant last term in f fTSjl ) 

W = -X{S)AtT^ + tT^^ip. (18) 

This is just the infrared superpotential of the ISS model from Section 2 with quark mass 
m = AA' + O (A^A^/A'), which is much smaller than A as required. 
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Let us illustrate this discussion with a numerical example: Take Nc — 5, Nf = 6, 
N'^ — A, N'f — 3. Choose the gauge couphngs at the Planck scale Mp — 10^^ GeV as 

«(^^) = = « (^P) = = (19) 

This gives A ^ 1.8 ■ 10^ GeV and A' ^ 2.3 ■ 10^ GeV. Choosing A = 10"^ we have 
AA/A' ^ 8 ■ 10^^ and m/A = AA'/A ~ 10^'\ so both these parameters are indeed small. 
A very crude estimate of the lifetime of the vacuum can be done with the bounce action 

6 

^bounce ~ ( - ) " ~ 3 ■ lOl (20) 

With the decay width per unit volume suppressed as 

r 1 

~ 6""'^''°"°'=% (21) 

the minimal bounce action for our universe to survive for 10^° years in a metastable 
state is only roughly S'min ~ 400, so our vacuum is sufficiently long-lived. 

The SUSY breaking scale is at about 6 ■ 10^ GeV, of the right order of magnitude to 
be compatible with gauge mediation. Indeed it should be possible to couple our model 
to a messenger sector to construct a simple gauge- mediated model along the fines of [3]. 



4 Conclusions 

We fiave presented a mecfianism by wfiich the ISS model of metastable dynamical SUSY 
breaking can be made fully natural. In the original ISS model the required small 
mass scale was put in by hand, and in subsequent refinements generated from higher- 
dimensional operators, relying on some unknown physics at the UV-completion scale of 
the theory. Here we have generated the small mass scale from strong gauge dynamics in 
an auxiliary sector, coupled to the ISS model by renormalizable operators which involve 
an additional singlet. A parameter A is required to be moderately small (we have seen 
that A 10~^ is acceptable in an example). 

A possible direction for further work would be to employ this mechanism in a realistic 
model of particle physics, involving also messenger and visible sector fields. Furthermore, 
it would be interesting to find a stringy realization of the model presented here, e.g. aris- 
ing from an intersecting brane model in type llA or from brancs at singularities in type 
IIB (see, for instance, [10] for some D-brane constructions of ISS-like models). 

Acknowledgements: 1 would like to thank Stefan Groot Nibbelink, Christoph 
Liideling and especially Arthur Hebecker for useful discussions. I am also obliged to 
Thomas Dent and Arthur Hebecker for many helpful comments on the manuscript. 
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Appendix: The exact superpotential for SQCD cou- 
pled to a singlet 



Here we derive the exact superpotential of the auxihary sector as introduced in Section 
3|§ Consider SU(Ai'c) SQCD with Nf flavours of massless quarks and antiquarks Q, Q, 
where Nc > Nf > 1. Let us write down a superpotential which couples the quarks to a 
singlet field S: 

Wtree = SXtlQQ + kS\ (22) 

At low energies the theory should be described in terms of the gauge-invariant composites 
Mj = Q^Qj. For X = k = 0, their dynamics is governed by the non-perturbative Affieck- 
Dine-Seiberg superpotential [7]: 

with some scheme-dependent prefactor a. We will now argue that the full superpotential, 
including all quantum corrections, is dictated by symmetry and holomorphy to be 

W = Wtree + W^np- (24) 

Our line of reasoning is a straightforward variation of the arguments of [8,9]. An exact 
superpotential was already found in [8] for the system under consideration here, but in 
a range of parameters where M is heavy enough to be integrated out, so that 5* is the 
only relevant low-energy degree of freedom. 

At K = A = 0, the classical theory is invariant under a large symmetry G: 

G = SV{Nf)L X SV{Nf)R X U(1)a x U(l)y x V{1)r x U(1)s. (25) 

11(1)5 acts only on the singlet. The other abelian symmetries are an anomalous axial 
U(l)^, a vectorial U{l)v and an anomaly-free U{1)r R-symmetry. The "baryon number" 
U{l)v will play no part in the following discussion, since all the fields involved at low 
energies are neutral. (In fact, there are even more symmetries, acting on S, which we 
have already omitted because they will not be relevant.) 

We now promote the couplings k and A to classical background chiral superfields, 
whose nonzero values break G. Also, the scale A of the gauge theory is assigned a 
charge under the anomalous U(1)a- To be able to write down the most general invariant 
superpotential, we should promote A to an Nf x Nf matrix, replacing AtrM ^ tr(AM). 
The following table lists the charges and dimensions of the fields, couplings and of A, as 
well as of the basic holomorphic SU(A^/)lX SU(A^/)ij-invariants that can be constructed 
from M and A: 



^Note that our notation here deviates shghtly from that used in the main text (we omit the primes 
and differ by a factor of A in the definition of the meson field M). 
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S\J{Nf)R 


U(1)a 


U(l)i?^ 


U(l)5 


dimension 


s 


1 


1 








1 


1 


iVl 


l^l f 


IM f 


9 




n 

U 


9 


K 


1 


1 





2 


-3 





A 


iM f 


TV" 
iM f 


— z 




1 

— i 


n 
u 


A 


1 


1 










1 


3Nc-Nf 


detM 


1 


1 


2Nf 


2Nf - 2Nc 





2N^ 


det A 


1 


1 


-2Nj 


2N, 







tr[(AM)"] 


1 


1 





2n 


—n 


2n 



The full superpotential must be holomorphic in both the couplings and the fields. It 
must have dimension 3, transform under U(l)ij with charge 2, and be invariant under 
the rest of G. The most general such function can be written as 



W = 5trAM/(/o 



(26) 



where / is a holomorphic function of dimensionless G-invariant variables Jq. This ex- 
pression makes sense since the number of independent is finite. In fact, the operators 
tr [(AM)"] for n > Nf are algebraically dependent on the operators tr [(AM)"] for n < Nf 
(which can be seen e.g. from Newton's identities). The same is also true for det (AM). 
From the table above there are therefore Nf + 4 independent SU{Nf)LxSl]{Nf)ji- 
invariants, subject to 3 independent constraints from U{1)a x ?7(1)_r x f/(l)5-invariance 
and dimensionlessness. Hence there are Nf + 1 independent /„. We may choose them to 
be 



' \3Nc-Nf\ Nc-Nf 

Io = { 1 (^trAM)-\ 



detM 
k"52" 
tr[(AM)" 

0, K - 



(27) 



{n = l...N 



f) 



and A — i> 0, the superpotential must asymptote 



At weak coupling, where A* 
to (^^, which means that 

/ = l + /o + /i. (28) 

But since all values of the can be obtained in this limit, (l28ll must already be exact, 
which proves our assertion. 



References 



[1] K. Intriligator, N. Seiberg and D. Shih, "Dynamical SUSY breaking in meta-stable 
vacua," JHEP 0604 (2006) 021 [a rXiv:hep-th70 602239]. 

[2] M. Dine, J. L. Feng and E. Silverstein, "Retrofitting O'Raifeartaigh models with 
dynamical scales," Phys. Rev. D 74 (2006) 095012 |arXiv:hep-th /0608159|; 
M. Dine and J. Mason, "Gauge mediation in metastable vacua," 



Dine and J. Mason, 



arXiv:hep-ph/0611312 



8 



[3] H. Murayama and Y. Nomura, "Gauge mediation simplified," Phys. Rev. Lett. 98, 
151803 (2007) |arXiv:hep-p h/0612186 |. 

[4] O. Aharony and N. Seiberg, "Naturalized and simplified gauge mediation," JHEP 



0702, 054 (2007) |arXiv:hep-p h/06 12308]. 

[5] T. Banks, "Remodeling the pentagon after the events of 2/23/06," 
arXiv:hep-ph/0606313i 

R. Kitano, H. Ooguri and Y. Ookouchi, "Direct mediation of meta-stable super- 
symmetry breaking," Phys. Rev. D 75 (2007) 045022 |arXiv:hep-ph/0612139| ; 
C. Csaki, Y. Shirman and J. Terning, "A simple model of low-scale direct gauge 
mediation," arXiv:hep-ph/0612241; 

S. A. Abel and V. V. Khoze, "Metastable SUSY breaking within the standard 
model," |arXiv:hep-ph/0701069; 

S. A. Abel, J. Jaeckel and V. V. Khoze, "Naturalised supersymmetric grand 
unification," |arXiv:hep-ph/0703086( 

[6] N. Seiberg, "Electric - magnetic duality in supersymmetric nonAbelian gauge the- 
ories," Nucl. Phys. B 435 (1995) 129 jarXiv:hep-th/9411149j . 

[7] I. Affleck, M. Dine and N. Seiberg, "Dynamical Supersymmetry Breaking In Super- 
symmetric QCD," Nucl. Phys. B 241 (1984) 493. 

[8] N. Seiberg, "Naturalness versus supersymmetric nonrenormalization theorems," 
Phys. Lett. B 318 (1993) 469 | arXiv:hep-ph/930933 5|. 

[9] K. A. Intriligator, R. G. Leigh and N. Seiberg, "Exact superpotentials in four- 
dimensions," Phys. Rev. D 50 (1994) 1092 |arXiv:hep-th/9403198] . 

[10] S. Franco and A. M. Uranga, "Dynamical SUSY breaking at meta-stable 
minima from D-branes at obstructed geometries," JHEP 0606 (2006) 031 
|arXiv:hep-th/0604136|; 

H. Ooguri and Y. Ookouchi, "Meta-stable supersymmetry breaking vacua on inter- 
secting branes," Phys. Lett. B 641 (2006) 323 (arXiv:hep-th/0607183| ; 

S. Franco, 1. Garcfa-Etxebarria and A. M. Uranga, "Non-supersymmetric 
meta-stable vacua from brane configurations," JHEP 0701 (2007) 085 
[arXiv:hep-tli/0607218 1 ; 

R. Argurio, M. Bertolini, S. Franco and S. Kachru, "Gauge / gravity duality 
and meta-stable dynamical supersjTiimetry breaking," JHEP 0701 (2007) 083 
farXivihep-th/OeToTll] ; 

R. Argurio, M. Bertolini, S. Franco and S. Kachru, "Metastable vacua and D-branes 
at the conifold," ,arXiv:hep-th/07 03236; 

I. Garcfa-Etxebarria, F. Saad and A. M. Uranga, "Supersymmetry breaking 
metastable vacua in runaway quiver gauge theories," larXiv:0704. 01661 [hep-th]; 

T. Kawano, H. Ooguri and Y. Ookouchi, "Gauge Mediation in String Theory," 
[aFXiv:0704.1085, [hep-th] . 



9 



